Based on animal experiments conducted in the sixteenth century by Vesalius, the Royal Humane Society recommended fireside bellows to resuscitate victims of drowning. In the mid-twentieth century, the bellows concept was adapted by Kreiselman and others, though none of these devices gained widespread popularity. However, in 1957 the "Ambu Bag" appeared and was an immediate success. The revolutionary design was the creation of Danish anaesthetist Dr Henning Ruben. A similar product was soon developed by Åsmund Laerdal of Norway, in collaboration with American anaesthesiologists Drs Elam and Safar. The self-inflating bag is such a simple device, yet it is extremely effective -it has enabled rescuers around the world to support life in virtually any environment, simply by squeezing a bag.
FIRESIDE BELLOWS
Simple fireside bellows were used in a number of early experiments which were fundamental to understanding the mechanics of breathing [1] [2] [3] . It was this understanding which then prompted others to try using the bellows to restore breathing. This early experimental work was done by Galen, Vesalius and Paracelsus. Bellows were formally adopted for resuscitation purposes by the Royal Humane Society, London, in 1782 4 .
Galen
Claudius Galenius (more commonly known as Galen) was born in 130 AD in Pergamon, located in the west of modern day Turkey 1 . Galen realised that a knowledge of anatomy was fundamental to understanding disease. Although some of his teachings were erroneous, he made remarkable discoveries based on animal dissections. Unfortunately, the dissection of human cadavers was prohibited at that time.
Respiratory physiology interested Galen greatly, and he demonstrated that air entered the chest cavity when it was expanded by the contraction of the diaphragm. Further, he realised that the trachea (which he termed the "rough artery") was the conduit for air into and out of the lungs 1 . In 177 AD, Galen used bellows to inflate the lungs of various animals -"if when the animal is already dead, you blow air in through the larynx, you will of course, fill the rough arteries and … see the lung expanded to its greatest extent" 1 . By thinking that the 'crude air' drawn into the lungs was transformed into pneuma, an undefined life-giving vital spirit 1 , Galen provided a religious/ philosophical explanation for the substance we now understand to be oxygen.
After the fall of the Roman Empire and throughout the Middle Ages, Galen's teachings remained unquestioned. Fifteen centuries would elapse before a scientific interest in medicine was renewed.
Andreas Vesalius
Andreas Vesalius was born in Brussels in 1514, into a family with a great medical tradition. After graduating with a Master of Arts, he entered the University of Paris to study medicine in 1533 2 . Vesalius became frustrated with the way anatomy was being taught, based entirely and without question on the centuries-old writings of Galen. Vesalius wanted to do dissections himself -a controversial idea indeed which caused conflict with his professors. Nonetheless, his skill at dissection and his blossoming understanding of anatomy soon overtook that of his teachers. Vesalius completed his masterpiece De Humani Corporis Fabrica in 1543 -this single work marking a turning point in the history of medicine 2 .
During the preparation of De Fabrica, Vesalius described his technique for keeping an experimental animal alive to examine the thoracic contents 5 , "But that life may … be restored to an animal, an opening must be attempted in the trunk of the arteria aspera [trachea], into which a tube of reed or cane should be put; you will then blow into this, so that the lung may rise again … [if] the lung is inflated at intervals, the motion of the heart and arteries does not stop" 6 . At the time he wrote this, no-one yet understood the process of gas exchange or the function of the circulatory system. But Vesalius demonstrated that fireside bellows could be used to artificially reproduce the action of breathing and that this could sustain the vital functions of an animal which would otherwise have died. In his writings, Vesalius does not mention any correlation between this experiment and attempting to resuscitate a human.
Paracelsus
Born in 1493 near Zurich, Paracelsus was an eccentric physician and scientist of the Rennaisance 3 . Fundamental to Paracelsus was that all teachings should be based on experimentation. He dared to speak out against the ancient Greek concept of the four bodily humors to which Galen had adhered, and he spoke out against the extravagances of the church. He fled to escape arrest, leaving behind his university post in Basel, Switzerland 3 .
Paracelsus is said to have used bellows to attempt to revive an apnoeic patient. He did this by inserting the nozzle into one nostril and pumping the bellows to inflate the lungs 3 . It is said that the attempt was unsuccessful because the bellows was full of cinders! Few of Paracelsus' works were published, so it is not known exactly when these events took place. It is not known whether Paracelsus performed this resuscitation attempt after hearing of Vesalius' animal experiments, or if these events occurred in complete isolation.
The Royal Humane Society and Dr John Hunter
After Paracelsus, over 200 years elapsed before the practical application of bellows for resuscitation was reviewed. This renewed interest followed the establishment of the Humane Societies, dedicated to the rescue and resuscitation of victims of drowning. The first was formed in 1767 in Amsterdam -a city whose canals made drowning an unfortunately common event 4, 7 . Many other cities soon followed, with the Royal Humane Society being founded in London in 1774 4, 7 . The Dutch society had recommended mouth-to-mouth ventilation as the preferred method, but this was condemned by the English society as "a method practised by the vulgar" 8 . Also, expired air was known to contain carbon dioxide and was therefore thought to be "noxious and unfit to enter any lungs again" 4 . The recommended methods included the application of hot water bottles, insufflation of the rectum with tobacco smoke and rolling the victim over a barrel 4 . The manual methods of artificial respiration of Hall, Schaeffer et al did not appear until the midnineteenth century.
In 1776, Dr John Hunter presented to the Royal Humane Society the results of ventilation experiments he had conducted using bellows 9 , based on the method described by Vesalius. However, Hunter used a double-chambered bellows of his own design, with one chamber for positive pressure ventilation and the other chamber for negative pressure Anaesthesia and Intensive Care, Vol. 38, Supplement 1, July 2010 exhalation 9 . Hunter also wrote of the effects of respiration on cardiac function, essentially repeating Vesalius' experiments. In an animal with the chest opened, Hunter found that when he "stopped the motion of the bellows, the heart became gradually weaker and less frequent in its contractions, until it ceased entirely to move. By renewing the action of the bellows the heart again began to move" 9 . Hunter also stated "I shall consider an animal apparently drowned as not dead; but that only a suspension of the actions of life has taken place" 9 . This comment reflects a real change in attitude towards sudden death, which led to the acceptance of resuscitation as a justifiable medical intervention.
In 1782, the Royal Humane Society officially recommended bellows ventilation in preference to the mouth-to-mouth method, and specially-designed kits (Figure 2 ) containing bellows and various airway tubes were kept at eleven receiving stations near waterways in London 4 . It is interesting to note that pressure on the cricoid cartilage was recommended to prevent gastric inflation, 185 years before it was described by Sellick. Despite a number of reports of successful resuscitations, the bellows were abandoned in favour of various manual methods of artificial respiration, possibly due to exaggerated claims of barotrauma following bellows use 4, 7 . The various manual methods of artificial respiration must have been appealing alternatives due to their inherent simplicity, since no equipment is needed and the task is aesthetically acceptable. Hall's method was the first to appear, in 1856 4 . A multitude of techniques soon followed, none of which were very effective. It took until 1958 for mouth-to-mouth ventilation to be readopted 10 .
MODIFIED BELLOWS RESUSCITATORS Kreiselman resuscitator
Bellows were 'rediscovered' by Dr Joseph Kreiselman, an American anaesthesiologist, in 1943 11 . Kreiselman was a pioneer in the fields of neonatal resuscitation and anaesthesia for thoracic surgery and he was an adviser to the US Army Surgeon General. As he recognised that the manual methods of artificial respiration were inefficient, he designed a hand-operated bellows (Figure 3 ) which could be directly attached to a modern type of anaesthetic mask to create an effective seal 11 . Supplemental oxygen could be added, while an optional right-angle connector made it possible to use the device with the patient in the prone position, so that back-pressure could be applied to augment expiration 11 . This device seems to have been supplied mainly to the US military.
Other bellows resuscitators
John Blease was born in England in 1906, and although he had no formal training in engineering, he managed to establish a successful business designing and patenting anaesthetic machines and ventilators in the 1930s to 1950s 12 . He collaborated with many anaesthetists to understand their evolving needs. In the early 1950s, Blease designed a bellowstype resuscitator 13 (Figure 4 ) in response to the large numbers of patients needing ventilatory support as a result of the polio epidemic. Unlike the Kreiselman resuscitator, a spring was included inside the bellows to make them self-inflating 13 .
The Cardiff and Oxford bellows are further examples of this type of apparatus, developed in the 1950s 14, 15 . Their intended application was in anaesthesia, but they were also utilised to manage respiratory failure in other settings, including the pre-hospital environment 16 .
A NEW APPROACH
By the 1950s, no entirely satisfactory method of providing emergency positive pressure ventilation was readily available. The bellows devices were cumbersome and did not gain widespread popularity. At that time, anaesthetists were increasingly providing assisted or controlled ventilation after paralysing the patient with curare 17 , usually accomplished with a Magill-type breathing circuit attached to the anaesthetic machine 18 . This circuit requires a gas supply, and was therefore rarely used outside the operating theatre.
However, several pioneering anaesthetists recognised the need for a new type of resuscitator, based on the 'bag and mask' design. It needed to be simple so that it could be used by non-anaesthetists in any emergency situation.
THE SELF-INFLATING BAG Dr Henning Ruben and the "Ambu Bag"
Henning Ruben ( Figure 5 ) was born in Copenhagen. He initially studied dentistry, but then went on to pursue a medical degree 19 . After his studies were interrupted by Nazi occupation, he fled to Switzerland where he worked as a dentist until the war ended. Ruben graduated as a doctor in 1946 and decided to specialise in anaesthesia 19, 20 . Apart from academic studies, Ruben possessed many other remarkable talents. He was a professional dancer and dance teacher (the tango was reputedly his specialty), and he represented his country in fencing. Ruben was also adept at magic, illusion and thoughtreading 19, 20 ! As well, he was an imaginative inventor, being credited with the first electrically driven constant-rate syringe pump 19 , an efficient unidirectional valve 21 , a foot-operated suction pump 22 and a resuscitation training manikin.
At the peak of the polio epidemic in the 1950s, there were wards full of patients in iron lungs. The most serious cases had tracheostomies requiring hand-ventilation around the clock by nurses and medical students, using simple rebreathing circuits. A strike by truck drivers in 1954 prevented the delivery of oxygen cylinders to hospitals in Denmark, causing supplies to become dangerously low 20 . This near disaster provoked Henning Ruben to conceive the idea of a self-inflating bag, which would work in the absence of an oxygen supply 20, 23 . He welded together the ends of four bicycle spokes, feeding these into a rubber anaesthetic reservoir bag. Using a piece of string, he then pulled the spokes into an oval shape 24 . This created an internal spring which caused the bag to re-expand after it was compressed. By combining the bag with the non-rebreathing valve he had already invented, the prototype self-inflating bag was born. Ruben showed his idea to Dr Holger Hesse, an engineer who had helped him with earlier inventions. Hesse suggested some modifications to the bag design, including replacing the bicycle spokes with a foam rubber lining 24 . In 1957 the bag was marketed as the "Ambu Bag" (Figure 6 ), under the umbrella of Hesse's company Testa-Laboratorium, later to become Ambu International 25 .
Ruben had already invented a foot-operated suction pump, which had been inspired by the type of foot pump used for inflating a 'Li-Lo' mattress 25 . The suction pump was combined with the Ambu bag, in a compact resuscitation kit which could be used anywhere, fully independent of oxygen or electricity 26, 27 . The Ambu bag was an immediate success around the world and has undoubtedly been one of the greatest life-saving devices ever created 24 .
Asmund Laerdal and the "Resusci Folding Bag" In the 1950s, two American anaesthesiologists, Drs Peter Safar and James Elam, had each been studying independently the feasibility of expired air resuscitation 28 . Elam had personally performed mouth-to-mouth on asphyxiated polio victims and had shown experimentally that expired air was capable of sustaining life 29 . A chance meeting of the two men in 1956 33 resulted in a lasting friendship, their combined efforts leading to the validation of mouth-to-mouth ventilation in 1958 by performing it on paralysed volunteers 30 . The real challenge lay in devising a way to train as many people as possiblesome sort of manikin was obviously needed.
Åsmund Laerdal (Figure 7 ) was a businessman based in Stavanger, Norway. He initially began in the field of publishing and manufacturing wooden toys. However, he gained expertise in the use of soft plastics and changed the focus of his company to plastic toys and dolls 31 . In 1953, Laerdal was asked by the civil defence authorities to make lifelike imitation wounds out of plastic -this had never been done before, but Laerdal devised an extremely realistic product 31 . The research involved led him to develop an interest in first aid and to read about the 'new' technique of mouth-to-mouth resuscitation. Instinctively, Laerdal began to conceive the possibility of a training manikin so he contacted the head anaesthetist at the Stavanger Hospital, Dr Bjorn Lind, to discuss the idea 31, 32 . Lind realised the potential, having heard Safar speak about expired air resuscitation at a recent conference. Laerdal organised a meeting with Safar and Elam in Baltimore and their combined efforts led to the production of the Resusci-Anne 32 . From this point onwards, the Laerdal company changed its focus from toys to first aid.
Laerdal also wanted to develop a range of resuscitation products, including a self-inflating resuscitation bag. Suggestions from Dr James Elam resulted in a prototype 31 , and further development led to the "Resusci Folding Bag" (Figure 8 ). This was quite different from the Ambu bag, as it was constructed entirely of plastic and had a one-way valve based on the 'duck bill' principle 31 . High inspired oxygen concentrations were possible by the addition of a reservoir tube (later a reservoir bag). As a further design improvement around the mid-1980s, the bag was manufactured from silicone in adult, child and infant sizes. A high quality disposable product is also now available. Laerdal also designed a pocket resuscitation mask and a battery-operated suction unit.
The Commonwealth Industrial Gases "Air-Viva"
Commonwealth Industrial Gases was an Australian company formed in 1935 by Sir Wilfred Russel Grimwade (1879-1955) 34 , with responsibility for large-scale manufacture of oxygen and other gases. Commonwealth Industrial Gases also manufactured apparatus for oxygen administration and resuscitation. One such device was the "Air-Viva" (Figure 9 ), a self-inflating bag and mask resuscitator which was first manufactured in 1962 35 . The device consisted of a stiff plastic ventilating bag, a nonrebreathing valve (disc and spring mechanism) and 
CONCLUSION
Today, the self-inflating resuscitator is considered to be a 'basic' piece of equipment, found in every setting where resuscitation might be needed. yet only 50 years ago, the options for emergency positive pressure ventilation, especially outside a hospital, were extremely limited. The story of the invention of the Ambu Bag by the Danish anaesthetist Dr Henning Ruben, using bicycle spokes and a piece of string, is not widely known. It is a story of triumph in the face of adversity, reminding us how far resuscitation medicine has progressed in recent decades. Figures 3, 6, 8 and 9 are photographs taken by the author, of equipment which is in his own private collection.
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